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We report on polarization selection rules of inter-Landau level transitions using reflection-type
optical Hall effect measurements from 600 to 4000 cm−1 on epitaxial graphene grown by thermal de-
composition of silicon carbide. We observe symmetric and anti-symmetric signatures in our data due
to polarization preserving and polarization mixing inter-Landau level transitions, respectively. From
field-dependent measurements we identify that transitions in coupled graphene mono-layers are gov-
erned by polarization mixing selection rules, whereas transitions in decoupled graphene mono-layers
are governed by polarization preserving selection rules. The selection rules may find explanation by
different coupling mechanisms of inter-Landau level transitions with free charge carrier magneto-
optic plasma oscillations.
Epitaxial graphene grown by thermal decomposition
onto SiC substrates has received tremendous interest due
to its unique physical and electronic properties where free
charge carriers behave as quasi Dirac particles, for in-
stance [1–12]. Infrared magneto-optic spectroscopy has
been widely applied to probe the electronic states of
graphene by monitoring the magnetic field and frequency
dependencies of inter-Landau level transitions [1, 2, 13–
15]. However, the polarization properties of inter-Landau
level transitions, and their polarization selection rules,
that is, whether individual transitions are polarization
preserving or polarization mixing, are unknown. The po-
larization selection rules determine the symmetry prop-
erties of the magneto-optic dielectric permittivity tensor
ε
MO. For a given series of Landau level transitions, εMO
can be constructed, and compared with physical model de-
scriptions. Sufficient information for obtaining the polar-
ization selection rules, and to construct εMO, is provided
by optical Hall effect measurements [16, 17], and is pre-
sented in this letter. We report here on our observation
of isotropic and anisotropic Landau transitions from opti-
cal Hall effect measurements which differ in their magnetic
field dependencies, and we discuss possible physical origins
by reconstructing εMO using simple model scenarios.
The optical Hall effect determines changes of optical
properties of thin film samples under the influence of ex-
ternal magnetic fields [17–19]. In contrast to Faraday ro-
tation, measurements are conveniently taken in reflection-
type arrangement at oblique angle of incidence, thereby
discriminating between parallel and perpendicular polar-
ization. Measurements are performed in the Stokes vec-
tor approach, and results are reported in the Mueller ma-
trix presentation, which allows immediate differentiation
between polarization preserving (isotropic) as well as po-
larization mixing (anisotropic) sample properties. Subse-
quent data analysis using model approaches for the di-
electric function, or equivalently the optical conductivity,
permits quantitative access to physical model parameters.
In the Stokes formalism the Mueller matrix M connects
the Stokes vector of incident and reflected electromagnetic
waves Sin and Sout, respectively, where Sout = MSin [20].
The optical Hall effect determines magnetic field-induced
differences δM with respect to M at zero field. δM con-
tains non-zero on-diagonal block elements only (δM11,
δM12, δM21, δM22, δM33, δM34, δM43, δM44) when the
magnetic field induced sample response is purely isotropic,
i.e. no polarization mixing occurs. Additional, non-zero
off-diagonal block elements occur (δM13, δM31, δM14,
δM41, δM23, δM32, δM24, δM42) when the magnetic field
induced sample response is anisotropic, i.e., polarization
mode mixing occurs [20]. Therefore, symmetric signatures
of Landau level transitions occur within the on-diagonal
block elements only. Anti-symmetric signatures occur also
within all off-diagonal-block elements. We note that in our
setup elements of both 4th row and column are inaccessi-
ble, and all remaining elements are normalized by M11
removing light source base line fluctuations, providing 8
independent pieces of information.
The epitaxial graphene sample investigated in this letter
was grown by sublimation on the C-polar (0001¯) surface
of a semi-insulating 6H-SiC substrate. During the growth,
the SiC substrate was heated to 1400 ◦C in argon atmo-
sphere. Further information on growth conditions can be
found in Ref. 21. We estimate the number of graphene
layers to be 10-20, similar to those measured previously
on C-face 4H-SiC [22]. Optical Hall effect measurements
2FIG. 1. Optical Hall effect
experimental data (green)
and best-model fit data (red)
for epitaxial graphene at
Bc=+(5.66±0.02) T and
T = 1.5 K. The angle of
incidence is Φa = 45
◦. DTC,
BLG and SLG denote contri-
butions assigned in this letter
to Drude-type carriers (DTC),
bi-layer graphene LL (BLG)
and single-layer graphene LL
(SLG), respectively. Signa-
tures indicated by SLG are
isotropic and do not occur
in off-diagonal-block elements
δM13, δM23, δM31, and δM32
(shaded background), while
features labeled with DTC and
BLG are anisotropic and cause
polarization mixing.
where carried out at Φa = 45
◦ angle of incidence in the
spectral range from 600 to 4000 cm−1 with spectral resolu-
tion of 1 cm−1 [16]. The sample was held at temperature
T = 1.5 K. The magnetic field was varied from B = 0 T to
8 T in 0.1 T increments while the magnetic field direction
was parallel to the reflected beam resulting in a magnetic
field Bc = B/
√
2 parallel to the sample normal.
Quantitative optical Hall effect data analysis requires
stratified layer model calculations in which parametrized
dielectric functions are used. Least-square principle meth-
ods are employed in order to vary model parameters
until calculated and experimental ellipsometric data are
matched as closely as possible (best-model) [23]. The
dielectric functions for silicon carbide are composed of
Lorentzian-broadened oscillators described by the respec-
tive longitudinal-optical (LO) and transverse-optical (TO)
phonon frequencies [24].
Figure 1 depicts results of optical Hall effect measure-
ments at Bc = +(5.66 ± 0.02) T. Graphs are arranged
according to their appearance in the Mueller matrix, with
the top left corner (δM11) omitted. The spectral response
observed in the on-diagonal block elements is distinctly
different from the off-diagonal block response. Multiple
transitions with different polarization signatures can be
identified. Sets of signatures belong to different series of
Landau level transitions, as will be discussed below. Com-
paring representative elements, e.g., δM33 and δM32, two
sets with different polarization properties can be identi-
fied. The first set of transitions, indicated with verti-
cal arrows labeled LLSLG, is isotropic, i.e., not associated
with polarization mixing, and spread out over the entire
measured spectral range. These transitions do not occur
in off-diagonal block elements. The term “SLG” stands
for single-layer graphene, as discussed further below. The
second set of resonances, indicated with vertical arrows
labeled LLBLG, is anisotropic, i.e., associated with polar-
ization mixing, and occurs in a narrower range from 600 to
1500 cm−1. The term “BLG” indicates bi-layer graphene
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FIG. 2. Selected on- and off-diagonal-block optical Hall effect
spectra (T = 1.5 K, Φa = 45
◦) for Bc = +(0.707 ± 0.002) T
to Bc = +(5.66 ± 0.02) T in 0.07 T increments. The graphs
are stacked by 0.006. (a) δM33; Isotropic Landau level transi-
tions, indicated by letters according to Sadowski et al. [13] (b)
δM32; Anisotropic Landau transitions, indicated by blue and
red arrows.
as discussed further below as well. However, a subset of
these transitions will be assigned to tri-layer graphene. In
addition, a pronounced feature observed at 970 cm−1, in-
dicated with vertical arrows and labeled by DTC, is com-
mon to all graphs in Fig. 1 and hence anisotropic. The
term “DTC” stands for Drude-type carriers. Non-zero off-
diagonal block Mueller matrix elements are inherently tied
to the existence of off-diagonal components in εMO. Thus,
a priori, one must conclude that transitions LLSLG origi-
nate from processes in sample regions with polarizability
contributions to εMO that are diagonal in εMO and hence
isotropic. Likewise, transitions LLBLG are to be described
by contributions with non-diagonal components in εMO.
Without loss of generality, the optical response of elec-
tronic systems with bound and unbound excitations sub-
jected to external magnetic fields can be constructed by
using magneto-optic polarizability functions χ+ and χ−
3for right- and left-handed circularly polarized light, re-
spectively [18]. In Cartesian coordinates εMO is then anti-
symmetric:
ε
MO = I+
1
2

 (χ+ + χ−) i(χ+ − χ−) 0−i(χ+ − χ−) (χ+ + χ−) 0
0 0 0

 , (1)
where I indicates the unit matrix and the magnetic field is
taken along the z-direction. All other dielectric contribu-
tions are omitted. For χ+ 6= χ−, εMO describes a medium
with anisotropic magneto-optical properties which pro-
duce non-vanishing off-diagonal block elements in the op-
tical Hall effect, whereas for χ+ = χ−, ε
MO describes a
medium with isotropic magneto-optical properties, and
off-diagonal block elements in the optical Hall effect do
not occur. Hence, for transitions LLSLG χ+ = χ−, while
for LLBLG χ+ 6= χ−. A semi-classical description for χ±
can be obtained using n series of Lorentzian-broadened
Green functions at energies ~ω0,n with spectral weight
ω2p,n, scattering life time 1/γn and including coupling to a
magneto-optic plasma mode ωc
χ± =
∑
n
ω2p,n
(
ω20,n − ω2 − iωγp,n ± iωωc
)−1
. (2)
When the plasma coupling is turned off, i.e., ωc → 0,
ε
MO becomes symmetric. Standard layer model calcula-
tions to determine the Mueller matrix elements of epitaxial
graphene on silicon carbide using Eqs. (1) and (2) repro-
duce line shape and isotropy of all features labeled LLSLG
in Fig. 1. When coupling with plasma modes is considered,
i.e., ωc > 0, features are mapped out onto the off-diagonal-
block elements, and line shapes match excellently with the
experimental data for transitions labeled by LLBLG.
Figure 2 summarizes representative on-diagonal and off-
diagonal-block Mueller matrix difference spectra as a func-
tion of the magnetic field. The anisotropic resonance at
970 cm−1, labeled with DTC, increases in amplitude with
increasing magnetic field strength. The wavenumber, how-
ever, at which this resonance occurs does not vary with
the external magnetic field strength. The physical origin
of this resonance is the coupled motion of bound charge
displacement near the longitudinal optical phonon mode
of the silicon carbide substrate with a free charge carrier
plasma at the sample surface producing resonant magneto-
optic birefringence [18, 23, 25]. Eqs. (1) and (2) can be
used to render this phenomenon when ~ω0 is the (bound)
phonon mode energy. The resulting polarization contri-
bution is anisotropic and occurs in all Mueller matrix ele-
ments. We attribute this mode to highly doped graphene
layers in close vicinity of the interface between the sub-
strate and the epitaxial graphene, originating from SiC
charge transfer [26].
The magnetic field-dependent measurements reveal that
energy spacings of transitions LLSLG scale with the square
root of transition index n and magnetic field B, indicative
for the Dirac-type bandstructure with Fermi level close to
the charge neutrality point [13]. Data in Fig. 3 (a) are
parameters ω0,n obtained from best-match model analysis
of the optical Hall effect spectra as a function of Bc. We
attribute these transition to originate within regions of the
epitaxial graphene that are composed of decoupled, quasi
neutral graphene sheets [14]. Energies in Fig. 3 (a) follow
ELL
SLG
(n) = sign(n)E0
√
|n| with E0 = c˜
√
2~e|Bc| and av-
erage velocity of Dirac fermions c˜. The naming convention
used to indicate transitions in Fig. 3(a) is adapted from
Sadowski et al [27]. Optical selection rules for transitions
between levels n′ and n require |n′| = |n| ± 1. The best-
match model velocity obtained from matching all data in
Fig. 3 (a) is c˜ = (1.01±0.01)×106m/s, in very good agree-
ment with Refs. 4, 13–15, 28, and 29. The corresponding
best-match functions ELL
SLG
versus Bc are plotted as solid
lines in Fig. 3 (a).
Transition energy parameters obtained from best-match
model analysis of the off-diagonal-block optical Hall effect
data are plotted in Fig. 3 (b) and exhibit sublinear be-
havior. The magnetic field scaling of the energy spacings
for the anisotropic transitions suggests bi- and tri-layer
graphene as their physical origin. The transition energies
of N-layer graphene have been described as [15, 30, 31]
ELL
N-BLG
(n, µ) = sign(n)
1√
2
[
(λNγ)
2 + (2 |n|+ 1)E20
+µ
√
(λNγ)4 + 2 (2 |n|+ 1)E20 (λNγ)2 + E40
]1/2
,
(3)
with coupling constant γ, layer parameter λN [31] and
where µ = −1,+1 corresponds to the higher and lower
sub-bands in the limit of zero magnetic field, respec-
tively [31]. Optical selection rules are the same as for
ELL
SLG
(n). Using c˜ = (1.01 ± 0.01) × 106m/s, best-match
model functions are plotted in Fig. 3(b) for N = 2
and N = 3 as blue solid and red dashed lines, respec-
tively. No transition was observed that would correspond
to N > 3. These transitions can be assigned to Bernal
stacked bi-layer graphene (N = 2) and tri-layer graphene
(N = 3). The best-match model parameters obtained
here are γ = (3120 ± 175) cm−1 for N = 2, corrob-
orating the result obtained by Orlita et al. from FTIR
transmission experiments [15]. For N = 3, we observe
γ = (3150± 20) cm−1, which render the first experimen-
tal confirmation of the theoretical predictions by Koshino
and Ando for tri-layer graphene [31]. We note that these
anisotropic Landau transitions are only observed and re-
solved for n = 2 . . . 6 for bi-layer graphene, and for n = 4
and n = 5 for tri-layer graphene. At this point, we do
not know why transitions with n > 6 for N = 2 and
n 6= 4, n 6= 5 for N = 3 cannot be observed. However, the
fact that these transitions appear with anisotropic opti-
cal Hall effect signatures suggests their coupling with free
charge carriers within the sample. We propose that stack-
ing order defects within the bi-layer and tri-layer graphene
allow for coupling of Dirac particles within their Landau
levels with the cyclotron resonance [9] of the free carrier
plasma resulting in anisotropic Landau transition signa-
tures.
The polarization selection rules are obtained here from
polarization resolved measurements of the Optical Hall ef-
fect instrument. The different polarization selection rules
observed for the transitions labeled with SLG and BLG in-
dicate that different physical processes contribute to their
4respective magneto-optic polarizability tensor. A possi-
ble mechanism using coupled or uncoupled bound and
unbound electronic transitions was described above. Ac-
cording to this scenario transitions BLG are affected by
free charge carrier plasma oscillations whereas transitions
SLG are not. The different coupling mechanisms for tran-
sitions in sets SLG and BLG can be concluded here from
the knowledge of the polarization selection rules. We con-
sider it worth noting that the polarization selection rules
observed here for the different sets of Landau transitions
are invariant with respect to the magnetic field strength,
over the range of magnetic fields observed here. This
suggests that the mechanisms which lead to the differ-
ent polarization selection rules, for example the coupling
of bound electronic transitions with magnetoplasma os-
cillation is not affected by the magnetic field, and which
may, however, change at larger magnetic fields than those
investigated here.
In conclusion, we find that inter-Landau level tran-
sitions in epitaxial graphene grown on C-face SiC are
governed by different polarization selection rules. The
transitions belong to different sets, where each set pos-
sesses their own polarization selection rule. Hence, for a
given magnetic field, the polarization behavior and selec-
tion rules can be used to differentiate the sets to which
observed transitions belong. The polarization behavior
can be obtained, for example, by reflection-type optical
Hall effect measurements in the infrared spectral region.
Specifically, for epitaxial graphene, two sets of transition
series with polarization preserving as well as polariza-
tion mixing properties occur. We identify that the po-
larization preserving transitions originate from decoupled
graphene mono-layers, while the polarization mixing tran-
sitions originate from bi-layer and tri-layer graphene. This
identification follows from observation of transitions be-
longing to equal polarization rules as a function of the
magnetic field strengths. The polarization preserving and
polarization mixing rules may find explanation by differ-
ent coupling mechanisms of inter-Landau level transitions
with free charge carrier magneto-optic plasma oscillations.
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